Background: Childhood maltreatment is a strong risk factor for the development of depression in later life. However, the neurobiological mechanisms underlying this vulnerability are not well understood. As depression has been associated with dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis and increased responsiveness to psychosocial stressors, we speculated that childhood maltreatment may lead to lasting alteration of the stress response system, thereby increasing the risk of depression. This study investigated the effects of childhood maltreatment on the stress response in healthy subjects while controlling for psychiatric condition.
INTRODUCTION
Childhood maltreatment, including physical abuse, emotional abuse, sexual abuse, physical neglect, and emotional neglect, is a potent predictor of poor mental health across the lifespan (McCrory et al., 2017) . Individuals who have experienced childhood trauma have been found to have a four-fold increased risk of depression compared with those who have not experienced such trauma (Young et al., 1997) . Although childhood adversity is clearly related to vulnerability to psychopathology, the specific mechanism underlying this relationship remains unclear.
Researches try to explore the relationship between early life stress and psychiatry disorders. According to the kindling hypothesis, life stressors may generate long-term vulnerabilities, thereby lowering the threshold of exposure required for episode recurrence, so that, over time, relatively minor stressors may trigger mood episodes (Post, 1992) . As a severe psychosocial stressor, childhood maltreatment may increase vulnerability to ongoing life stress and lower the threshold required to trigger affective episodes (Post et al., 2001) . Hammen et al. (2000) examined a number of childhood adversities and found a stress-sensitization effect in which women with higher levels of early adversity showed more depressive reactions to low levels of recent stressors compared with those with fewer adversities (Hammen et al., 2000) . A growing body of evidence suggests that early childhood adversity has implications for stress reactivity and psychopathology throughout the entire life cycle (Post et al., 2001; Torrey, 2002; Heim et al., 2008; Belbasis et al., 2018) .
One potential neurobiological mechanism of Post's model is alterations in hypothalamic-pituitary-adrenal (HPA) axis regulation. Several studies support it. Engert et al. (2011) collected saliva from 58 healthy young participants at awakening and in the afternoon/evening, and found that participants with low parental care experiences exhibited increased cortisol awakening responses, increased afternoon/evening cortisol output, and increased depressive symptomatology. With the exception of basal cortisol status, individuals with childhood maltreatment histories have also shown abnormal activity of the HPA axis while performing psychosocial stress tasks, such as those included in the widely used Trier Social Stress Test (TSST; public speaking and oral mental arithmetic) (Kirschbaum et al., 1993) . Heim et al. (2002) observed increased pituitary-adrenal responses during TSST tasks in adult women with histories of childhood abuse; these responses were particularly robust in abused women with depression or anxiety disorder (Heim et al., 2002) . Study findings, however, are not consistent. In several studies, lower cortisol reactivity during the TSST has been observed in healthy adults (Carpenter et al., 2007 (Carpenter et al., , 2011 with histories of childhood trauma. Despite the inconsistency of findings, research suggests that childhood maltreatment has longstanding effects on the HPA axis.
Recent studies have employed functional magnetic resonance imaging (fMRI) to explore alterations in neurocognitive systems following childhood maltreatment. Structurally, childhood maltreatment has been associated with consistent alterations in the hippocampus, medial prefrontal cortex, and insula (Cohen et al., 2006; van Harmelen et al., 2010; Dannlowski et al., 2012) . Alterations of brain function in maltreated children and adults include enhanced activation of fronto-limbic regions, such as the amygdala, dorsolateral prefrontal cortex (dlPFC), ventromedial prefrontal cortex (vmPFC), anterior cingulate cortex, and insula, in response to negative emotions (Dannlowski et al., 2012; Hart et al., 2018) and increased activation of the dorsomedial frontal gyrus and supplementary motor area during error processing (Lim et al., 2015) . In addition, maltreatment has been associated consistently with enhanced amygdala response to threatening stimuli and diminished striatal response to anticipated reward (Dillon et al., 2009) . Thus, these studies have demonstrated that childhood maltreatment is associated with altered function of a range of neurocognitive systems, including threat processing, reward processing, and emotion regulation. Several brain regions, such as the dlPFC, vmPFC, insula and hippocampus, are involved in the stress response and implicated in the pathophysiology of stress-related psychiatric problems (Wang et al., 2005; Pruessner et al., 2008; Dedovic et al., 2009; Ming et al., 2017) . Alteration of the stress response system due to early adverse childhood experiences (Shapero et al., 2017) may underlie the increased risk of psychiatric disorders in affected individuals. Endocrinological studies have repeatedly shown that childhood maltreatment causes lasting changes in HPA axis responsiveness to stress and could thereby increase the risk of depression development. However, the potential effects on brain stress responses in adults with histories of childhood maltreatment have not been explored.
As the TSST requires speaking and alteration of experimental scenes, which causes head movement and hence is not optimal for functional imaging (Ming et al., 2017) , no study has investigated responses under psychosocial stress in adults with histories of childhood maltreatment using such modalities. Other studies induced stress by a script which based on autobiographical memory (Seo et al., 2019; Zhai et al., 2019) , which may have inherent limitations (Britton et al., 2005) . In addition, the majority of studies describing maltreatmentrelated changes have been conducted with subjects already affected by major depressive disorder, anxiety, or posttraumatic stress disorder. Thus, it is difficult to infer whether alterations following early adversity are evident only in subjects who later develop psychiatric disorders, or whether these changes are detectable consequences of maltreatment in subjects with no psychiatric disorder history and accordingly constitute promising vulnerability markers. One study included healthy controls without current or lifetime psychiatric disorders which investigate the regional homogeneity and function connectivity under resting-state fMRI (Lu et al., 2017) . To overcome these limitations, we applied the Montreal Imaging Stress Task (MIST), which comprises a series of computerized mental arithmetic tasks with an induced failure component and was developed to fit the constraints of the imaging environment (Dedovic et al., 2005) , to investigate effects on physiological stressors and brain activation in healthy young subjects without psychiatric disorders.
In the present study, we aimed to explore HPA axis dysfunction and abnormal brain activity in a large sample of healthy, medication-naïve adults with and without childhood maltreatment histories who were carefully screened for psychiatric conditions. We employed the MIST to induce psychosocial stress. Based on the stress sensitization model and previous studies (Dedovic et al., 2009; Li et al., 2019) , we hypothesized that healthy adults with childhood maltreatment histories would be more sensitive to psychosocial stress than would those with no such history. Specifically, we hypothesized that they would show increased cortisol levels and abnormal brain activity during the MIST.
MATERIALS AND METHODS

Participants
In total, 100 healthy young subjects were recruited from two colleges and a Changsha community through posters and advertisements. Two experienced psychiatrists examined all subjects thoroughly and determined that they had no lifetime history of psychiatric disorder using the DSM-IV Structured Clinical Interview. Exclusion criteria were (1) prior DSM-IV-TR Axis I disorder; (2) history of psychotropic medication use or psychotherapy; (3) history of alcohol/substance abuse; and (4) diagnosed neurological disorder, structural brain abnormality, or contraindication for MRI. The Childhood Trauma Questionnaire (CTQ) was administered to assess maltreatment during childhood. This 28-item self-reported inventory screens for five types of childhood maltreatment: emotional, physical, and sexual abuse, and emotional and physical neglect. Responses are structured by a 5-point Likert scale ranging from "never true" to "very often true." Childhood maltreatment is considered to have occurred when at least one subscale scale is above the threshold (emotional neglect >14, physical neglect >9, emotional abuse >12, physical abuse >9, sexual abuse >7) (Bernstein et al., 1994 (Bernstein et al., , 2003 Chaney et al., 2014) . It has god reliability and validity among Chinese and is a good tool for child trauma assessment (He et al., 2019) . Ultimately, 48 participants who had experienced childhood maltreatment (24 females) and 48 healthy controls (33 females) were recruited for the study. All subjects were right handed and of Han ancestry. They were compensated for their time and travel. The Ethics Committee of the Second Xiangya Hospital of Central South University, China, approved this study, and all participants provided written informed consent.
The Montreal Imaging Stress Task
The MIST, a widely used stress paradigm adapted for fMRI, was administered to induce psychosocial stress using elements of uncontrollability and social evaluative threat (Dedovic et al., 2005) . The MIST paradigm has a block design with three conditions (rest, control, and experimental). Under the rest condition, the participant's baseline state was recorded for 30 s while the interface of the computer program remained on the screen with no task. Subjects were asked to keep their eyes open and not to press buttons until the next mental arithmetic task appeared. Under the control condition (90 s), brain activation related to a mental arithmetic task was recorded. This condition involves no time pressure; subjects were instructed to try to perform the task as accurately as possible. The average performance (rate of correct answers) is typically about 90% under this condition. Under the experimental condition (90 s), time pressure was induced with a time bar adapted to each subject's performance in order to enforce a correct answer rate of about 50%. Subjects received "correct" or "incorrect" feedback after answering each math question, and a simulative performance bar at the top of the screen showed that their performance was below the correct rate of the "average subject, " which was artificially set to 80%. The sequence of conditions was repeated once during each measurement sequence, resulting in a total duration of 7 min. After each run, the investigator criticized the subject's insufficient performance through headphones (for about 30 s), emphasizing the need for better performance to enhance the subject's perceived stress. We investigated the contrasts experimental minus control to assess the effect of stress.
Image Acquisition
Functional magnetic resonance imaging data were acquired using a 3.0-T Siemens Magnetom Skyra scanner (Siemens Healthineers, Erlangen, Germany). Blood oxygen level-dependent data were acquired with an echo planar imaging sequence (repetition time, 2 s; echo time, 30 ms; flip angle, 80 • ; field of view, 256 mm × 256 mm; 64 × 64 matrix; 32 slices; 4-mm slice thickness with 1-mm intervals).
Psychological and Physiological Measures
All participants completed the Beck Depression Inventory-II (BDI), a validated self-reported scale of depressive symptoms (Beck et al., 1996) . Levels of subjective stress were assessed immediately before and after each imaging run using a visual analog scale ranging from 0 (absence of stress) to 10 (maximal stress). Stress level changes were calculated by subtracting prestress from post-stress values. Saliva samples were collected with a Salivette tube (Sarstedt, Nümbrecht, Germany) upon participant arrival (Cort1), after a 30-min rest (Cort2), upon entering the scanner (Cort3), during anatomical imaging (Cort4), after MIST runs 1-3 (Cort5-7), and upon leaving the scanner (Cort8). We used cortisol increases from Cort4 (baseline, before the stress task) to Cort8 (highest, after the task) as summary measures of cortisol response, as this approach does not depend on the accurate timing of repeated cortisol measurement. To control for circadian fluctuation, the scans were carried out between 2:00 and 5:00 pm. Cortisol concentrations were detected using a human cortisol ELISA Kit (Bio-Swamp, Shanghai, China).
Statistical Analysis
Statistical analyses of behavioral data were performed using SPSS 18.0. For the behavioral analysis, one-sample t tests and chisquared tests were used in all subjects and groups. Repeatedmeasures analyses of variance were used to measure the main effects of stress and group on cortisol concentrations and subjective stress levels.
The Statistical Parametric Mapping 12 software (Wellcome Department of Imaging Neuroscience, London, United Kingdom) was used for imaging data analysis. Images were realigned. After realignment, images were co-registered to the high resolution EPI. All scans were normalized to standard space, using the EPI template, with the parameters derived from the high resolution EPI and applied to the functional time series. We also used T1 image to normalization. Results were in Supplementary Materials (Supplementary Tables S1, S2 and Supplementary Figure S1 ). And data were smoothed with a 6-mm full-width at half-maximum Gaussian kernel. Individuals whose scans showed excessive head movement (translation >1.5 mm or rotation >1.5 • ) were excluded from the analyses. For each participant, imaging data were modeled using a block design. We computed t maps of experimental versus control conditions for each subject. At the first level, six movement parameters were included as regressors. At the second level, the independent-sample t test was applied to detect between-group differences in the whole brain with age, gender and education scores as covariates. Statistical significance was set with an initial voxel-level threshold of p < 0.001 uncorrected, to which a FWE-correction at the cluster-level was applied (p < 0.05). Marsbar 1 was used to extract beta values from a 6-mm-radius sphere around the peak of activation that differed between groups for analysis of correlation between neural activation, childhood trauma scores and cortisol responses. Correlations were assessed using SPSS 18.0.
RESULTS
Participant Characteristics and Stress Responses
Data from two control subject and two subjects who had experienced childhood maltreatment were excluded due to excessive head movement, resulting in a final cohort of 48 subjects who had experienced childhood maltreatment (CM) and 48 controls (Non-CM). The groups did not differ in terms of gender, age, or years of education. BDI and CTQ subscale scores were significantly higher in the childhood maltreatment group than in the control group (see Table 1 ). Subjective stress increased significantly after the MIST, with significant main effects of stress (F 1 , 94 = 86.144, p < 0.001) and group (F 1 , 94 = 10.132, p = 0.002), and group-by-stress interaction (F 1 , 94 = 4.555, p = 0.035). Subjects with childhood maltreatment histories reported higher stress levels than did control subjects ( Figure 1A) .
Baseline (Cort1-4) cortisol levels did not differ significantly between groups. Cortisol levels increased significantly after the MIST in both groups. A repeated-measures general linear model of cortisol concentrations revealed a main effect of time (F 7 , 658 = 40.594, p < 0.001), with a distinct increase after task commencement. A main effect of group (F 1 , 94 = 7.207, p = 0.009) was detected, due to greater responses in subjects with histories of childhood maltreatment compared with control subjects (Figure 1C) . Intra-MIST cortisol increases were greater among subjects who had experienced childhood maltreatment than among control subjects (t = 2.030, p = 0.045; Figure 1B) . These cortisol and self-reported stress results indicated that stress was successfully induced across groups, and individuals with histories of childhood maltreatment experienced greater reactivity to stress.
fMRI Results
In the childhood maltreatment group, we observed significant deactivation of the vmPFC, angular and increased activation in the occipital lobe (fusiform, lingual gyrus), middle frontal gyrus, and insula ( Figure 2B) . Among healthy controls, deactivation was detected in the vmPFC. Activation was located mainly in the lingual gyrus and frontal superior gyrus (all p < 0.05 [FWE corrected]; Table 2 and Figure 2C) .
To identify brain activation in response to the stressful task, we subtracted control from experimental values for all subjects. Two-sample t tests showed that the childhood maltreatment group exhibited significantly increased activity in dlPFC, insula, and precuneus, and decreased activity in vmPFC compared with controls without childhood maltreatment experiences (all p < 0.05 [FWE corrected]; Table 3 and Figure 2A ).
FIGURE 1 | Graph (A)
shows that the subjective stress levels were greater after performing the MIST task than before the task in both groups. The childhood maltreatment group experienced higher stress levels than healthy control group. Graph (B) shows that the childhood maltreatment group exhibited greater cortisol during the MIST. Graph (C) shows the salivary cortisol concentrations throughout the experiment: participant's arrival (1), after a 30-min rest (2), upon entering the scanner (3), during anatomical imaging (4), after Montreal Imaging Stress Task runs 1-3(5-7), and upon leaving the scanner (8). Graph (D) shows a scatterplot of the significant negative correlations between ventromedial prefrontal cortex and cortisol responses in both groups. Graphs (E,F) show scatterplots of correlations between childhood trauma scores and activation in dorsolateral prefrontal cortex and insula. Error bars represent standard deviations. * p < 0.05, * * p < 0.01, * * * p < 0.001.
Correlations
We assessed correlations among regional activation, cortisol responses and CTQ scores. Cortisol responses correlated with activation in the vmPFC in both groups (CM: r = −0.311, p = 0.32; Non-CM: r = −0.316, p = 0.029, Figure 1D ). CTQ scores correlated with activation in the dlPFC and insula in childhood maltreatment group (r dlPFC = 0.304, p = 0.035; r insula = 0.289, p = 0.046; Figures 1E,F) , indicating that these regions were linked to childhood maltreatment experience.
DISCUSSION
To our knowledge, this study is the first to investigate the effects of childhood trauma on cortisol and brain reactivity using a psychosocial stress task in healthy people. Using the MIST, we successfully induced stress in participants that was apparent on subjective, physiological, and neural levels. Participants who had experienced childhood maltreatment exhibited more subjective stress than did controls. As hypothesized, at the endocrine level, young healthy people with histories of childhood maltreatment showed increased cortisol responses relative to healthy controls. At the neurofunctional level, participants with histories of childhood maltreatment showed increased activation in the dlPFC, insula and precuneus reduced activation in the vmPFC compared with controls. Post's (Post, 2007 (Post, , 2016 model implicates early adversity as a mechanism through which individuals become sensitized to future proximal stressors. Our findings seem to support this model at the endocrine and neurofunctional levels, and provide evidence of the long-lasting effects of early development experiences, including vulnerability to depression and other stress-related disorders.
Higher subjective stress and heightened cortisol responsivity to the MIST were observed in both groups, indicating that this experimental paradigm successfully elicited stress. Our findings are concordant with previous findings of significantly increased cortisol responsiveness to psychosocial stressors among individuals who have experienced childhood maltreatment relative to those who have not (Heim et al., 2000; Pesonen et al., 2010) , and indicate that severe stress in early life is associated with persistent sensitization of the pituitary-adrenal stress response. MDD has frequently been linked to dysregulation of the HPA axis, characterized by hyperactivity indicated by the hypersecretion of cortisol (Vreeburg et al., 2009) . The HPA-axis activity patterns of maltreated individuals facing psychosocial stress are similar to those of patients with MDD. In line with the kindling hypothesis that prior psychosocial stress acts primarily as a "trigger" of depression onset, abnormal HPA-axis reactivity to stress in subjects with histories of childhood maltreatment may reflect biological vulnerability to the development of stressrelated psychiatric disorders. Compared with healthy controls, individuals with childhood maltreatment experience exhibited decreased activity in vmPFC during the MIST. The medial prefrontal cortex plays a major role in controlling of behavior, regulating cognitive and emotional processes, and is implicated in stress regulation through extensive interconnections with other cortical and subcortical regions (Dedovic et al., 2009; McCrory et al., 2012) . Previous studies also found that vmPFC deficits are associated with altered regulation of emotions (Morese et al., 2016; Lo Gerfo et al., 2019) . Decreased activation in vmPFC may indicate the lack of ability to manage the emotion regulation and then may constitute a potential risk factor when facing stressors in abused group. Hypoactivation in vmPFC indicates that individuals with childhood maltreatment experience exhibited more sensitivity to proximal stressors, which speculates that dysfunction in vmPFC as a consequence of childhood maltreatment may result to stress sensitization to future stress. Furthermore, we also found that the extent of vmPFC deactivation correlated with the extent of elevation of the cortisol response, suggesting a relationship with HPA axis activation. The medial prefrontal cortex is known to inhibit the paraventricular nucleus of the hypothalamus, which regulates pituitary and adrenal release of cortisol. Reduced activation of the vmPFC leads to attenuated inhibition of cortisol release (Diorio et al., 1993) . Similar relationships have been reported previously; decreased activity in the prefrontal cortex has been associated with increased cortisol secretion in response to a psychological stress task, supporting a central role of the medial prefrontal cortex in HPA-axis stress-response regulation (Ming et al., 2017) . Taken together, this finding suggests that impaired processing in stress systems is a marker of latent vulnerability and sheds light on the mechanisms implicated in the pathogenesis of psychiatric disorders. Individuals with childhood maltreatment experience showed increased activation relative to healthy controls without adversity history in dlPFC and insula during stress context. Structural and functional abnormalities of the dlPFC have been shown to have significance for cognitive and emotional dysregulations and are commonly observed in individuals with early adversity experience (Pechtel and Pizzagalli, 2011) . The insula is interconnected with prefrontal cortical and limbic structure and implicated in cognitive control, interoceptive awareness and emotion process (Craig, 2002) . As a part of salience network, insula plays an important role in detecting novel and salient environmental stimuli and trigger appropriate control signals to regulate homeostatic state (Seeley et al., 2007; Menon and Uddin, 2010; Zhang et al., 2016) . Increased activation in these regions may suggest individuals with childhood maltreatment experience may have excessive activations when facing psychosocial stress. Enhanced reactivity to stressors may be a common adaptive response to early maltreatment. The adaption may be beneficial to maintain sustained vigilance in early adversity, but it may also constitute a latent neurobiological risk factor of psychopathology vulnerability. Notably, we found significantly correlations between activation of dlPFC and insula and CTQ scores in childhood maltreatment group only. These findings support the kindling model that early adversity leads to epigenetic modifications that serve to increase sensitivity to later stress. Taken together, the present study suggests that early childhood experiences lead to dlPFC and insula sensitivity, which sensitizes individuals to subsequent proximal stress and increasing risk for stressrelated disorders.
Hyperactivation of the precuneus was detected in the childhood maltreatment group compared with the control group. The precuneus is a major component of the default mode network and has been implicated in high-level cognitive functions, including episodic memory, self-related processing, and aspects of consciousness (Cavanna and Trimble, 2006; Zhong et al., 2016) . Previous studies also showed that precuneus dysfunction correlated with depressive symptoms, such as somatic complaints and negative bias in interpreting bodily feedback (Cavanna, 2007) . Hence, abnormal precuneus activation in individuals with childhood maltreatment experience may favor self-focused processing and enhance awareness of negative social evaluations. Overall, this finding suggests that precuneus hyperactivity is a key factor in maladaptive stressrelated negative emotionality.
The current study has several limitations. First, we did not control for the menstrual cycle or collect data on female participants' hormonal status (which may affect stress responses) (Goldstein et al., 2010) during fMRI scans. Hence, we could not differentiate the potential influences of gonadal and other hormones on neural responses to stress, which need to be studied in future research. Second, the inclusion of a group of abused young people without psychiatric disorders would have enabled more robust identification of abuse-specific deficits; however, such a "pure" abused group would not be representative of the general abused population, as severe abuse is typically associated with psychiatric comorbidity (Dannlowski et al., 2012) . More studies, especially those with longitudinal designs, are needed to shed light on these issues.
CONCLUSION
This study is the first to investigate neural psychosocial stress processing in individuals who have experienced childhood maltreatment but have no psychiatric disorder. Compared with controls without early adversity, these individuals with early life stress exhibited increased cortisol levels, reduced activation in vmPFC, and increased activation in the dlPFC, insula and precuneus in response to psychosocial stress. Childhood maltreatment may induce lasting changes in brain and HPA-axis function, making individuals who have experienced early adversity more sensitive when facing psychosocial stressors. This mechanism may increase the risk of depression development and provides evidence supporting the stress sensitization model.
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